Abstract. Simulation of combustion in the afterburner of solid ducted rocket is still a big challenge due to the interaction of turbulent and combustion. In the current study, a steady laminar flamelet model has been conducted to model the flow field of the afterburning chamber of solid ducted rocket based on OpenFOAM. The predicted main flow features in different transverse and longitudinal planes are analyzed. The performance parameter of the afterburning chamber is analyzed.
Introduction
The combustion process in all kinds of propulsion systems is complicated because it combines the specificities of aerodynamics and chemical reactions. The prediction of combustion in practical burners is still a big challenge to reach acceptable level for engineering applications. The popularity of commercial CFD software causes that the source code is not available for the users, thus the users cannot understand the theoretical and numerical methodologies behind the codes.
In recent years, the open source CFD platform OpenFOAM has been extensively used in CFD research area due to its flexibility of framework and enormous numerical libraries. It is fairly convenient for the users to develop new solvers and implement new physical models. The turbulent combustion model used in the reacting solvers contained by the official OpenFOAM version is based on the Partially Stirred Reactor (PaSR) concept. However, this concept is too time-consuming and not practical for industrial applications. Many researchers have developed new reacting solvers based on various turbulent combustion models.
Hassan I. Kassem [1] implemented the Eddy Dissipation Model (EDM) for confined non-premixed jet flames and compared the solver performance with ANSYS Fluent. Dmitry Lysenko [2] integrated Eddy Dissipation Concept model (EDC) with detailed chemistry and simulated the well-known Sydney bluff body stabilized flame HM1E and concluded that the new solver provided acceptable accuracy. Bjørn Lilleberg [3] applied local extinction database with EDC model for piloted diffusion flames and demonstrated that the extinction database approach obtained similar results while significantly reduced the computational cost compared with detailed chemistry. Kar Mun Pang [4] developed a reacting solver based on PaSR model with local time step method and applied it to model the combustion with radiative heat transfer and soot formation. It is revealed that the new solver has the capability to predict the temperature profile and soot volume fraction distribution.
To simulate the combustion in rocket, Hagen Muller [5] integrated steady laminar flamelet model in the OpenFOAM and validate it with both RANS and LES methods by two benchmark cases. C.Y. Lee [6] applied flame surface density combustion model to simulate the bluff body stabilized premixed flame based on OpenFOAM. This model coupled with URANS approach successfully captured the major flow features and combustion characteristics.
It can be concluded that OpenFOAM has not only been extensively used for laboratory flames of simple geometries but also applied to engineering practical combustors. In the current work, the steady laminar flamelet model is used to simulate the afterburner of a solid ducted rocket. The long term objective of our group is to develop LES solver with flamelet generated manifold (FGM) model for industrial applications.
Methodology
In this study, the steady laminar flamelet model (SLFM) is used to interpret the interaction between turbulence and chemical reactions. It is suitable for simulation of practical engineering problems with complex configuration because a large number of species transport equations are avoided to be resolved. The governing equations including conservation equations of mass, momentum, energy, mixture fraction and its variance are solved based on OpenFOAM platform [7] .
The SLFM views turbulent flame as an ensemble of stretched laminar flames. The species mass fraction and temperature in the laminar flamelets are functions of independent variables of mixture fraction and stoichiometric scalar dissipation.
The reacting solver using flamelet model is then used to investigate the afterburner flow field of a solid ducted rocket due to its considerable advantages as a new propulsion system.
Geometry Description
The afterburner of a solid ducted rocket calculated in the current study is schematically shown in Figure 1 . The afterburning system consists of two air inlets and one high temperature gas inlet. The total length of the model (L) is 1200mm and the diameter of the afterburning chamber is 203mm. Hot fuel rich combustion product generated in the gas generator enter the afterburning chamber for further complete combustion from the front circular gas inlet with diameter 40mm. The pure air from the air inlet enters through two rectangle inlet under the afterburner jet pipe and mixes with the hot core gas. Two air inlets both have a rectangle shape cross section with the dimension 70 mm×120mm and intersect the afterburning chamber at angle of 45°. The final combustion products are exhausted from a convergent divergent nozzle. The total length of the nozzle is 180.5mm and the length of the convergent section is 50mm. The diameters at the throat and exit are 150mm and 190mm. The grid for the afterburner is generated by commercial software ANSYS ICEM. The structured O-type mesh is used for the current simulation. The total number of hexahedral cells is 320,004. Figure 2 shows the overall grid of the 3D afterburner and the close up surface grid at the inlets. The origin of the coordinates is placed at the center of the fuel inlet. The axis of the combustor is along the X-axis and the Y and Z axes are along the vertical and horizontal directions, respectively.
Boundary Conditions
At the gas inlet boundary, the mass flow rate, the static pressure and total temperature are specified as 0.4kg/s,0.54MPa and 1800K. The actual gas composition of the first combustion product is complicated. However, the main species generated in the afterburning process are CO and H 2 , which mass fraction are 0.47 and 0.10, respectively. The CO 2 and H 2 O mass fraction are less than 0.01 and the remaining composition is mainly N 2 and other inert components. The following assumption is used in the gas composition and chemical reactions: the gas exiting from the primary combustion chamber only consists of CO, H 2 , CO 2 , H 2 O and N 2 , and the mass fractions are 0.47, 0.10, 0.01, 0.01 and 0.41, respectively.
At the air inlet boundary, the mass flow rate, static pressure and total temperature are specified as 4kg/s, 0.49MPa, and 573K. Uniform values are provided for both inlets. At the outlet of the exhausted nozzle, the ambient pressure and temperature are set 0.101MPa and 300K. No slip and adiabatic conditions are used on all the solid walls. Figure 3 gives temperature field on the inner wall on both sides. The temperature contours are both almost symmetric. The high temperature zone concentrates on the backward region of the afterburner and the exhaust nozzle. The temperature on the wall across the air inlet is much higher than the other side. This is mainly because that the mass flow rate of air is much larger than the gas flow and the temperature of the air from the inlet is only 573K, which is much lower than the value of the gas flow. The incoming air is being heated progressively along the flow direction. As the air mixes and burns with the gas gradually, the temperature distribution becomes uniform. The peak of the temperature reaches 2600K on the inner wall, which is already close to the value at the equilibrium state.
Results and Discussion
a. across the air inlet side b. the air inlet side Figure 4 shows the temperature contours of planes perpendicular to the flow. The predicted high temperature zones are located near the wall across the air inlet. This is in accordance with the results shown in Figure 10 . There are two high temperature zones in the front of the afterburner corresponding to the two separate air inlets. Along the axial direction, the areas of the two reaction zones increase and emerge together while the area of the cold flow zone decreases. In the upstream of the afterburning chamber, the cold flow temperature pattern appears to "C" shape, while the hot flow temperature pattern appears to "O" shape. However, the cold flow temperature pattern appears to "O" shape, while the hot flow temperature pattern appears to "C" shape in the downstream. Figure 5 gives temperature contours at planes cutting through the air inlet (denoted by plane z0) and center plane (z1). In the vicinity of the gas outlet, the gas jet starts to mix with the surrounding air and combustion initiates in the shear layer. Especially on the air inlet side, the temperature in the shear layers is as high as approximate 2400K. This is probably because there is more air on this side, thus fuel air ratio is close to stoichiometric. A large cold zone is on the inlet side and a small cold zone exists on the other side. Figure 6 and Figure 7 show the temperature and velocity contours at outlet of the exhaust nozzle. The value of velocity opposite the air inlet is higher than the other side. The distribution of velocity at the outlet has become uniform. The results shows thick boundary layer exists near the wall of afterburner. Figure 8 gives the velocity contour of planes z0. In the gas and air inlet passages, the flow velocity distribution is uniform without disturbance. The gas flow jet has a high velocity core, which becomes narrower along the flow direction. In the shear layers of the gas jet, the velocity gradient reaches its maximum value. It is helpful for the chemical reactions. The gas jet deflects away from the air inlet due to the aerodynamic effect of the air streams. Figure 9 gives the pressure contour of planes z0. In the current study, the operating pressure is defined as the pressure of the air inlet 0.4984MPa. The pressure shown in Figure 11 is gauge pressure. In the front of the afterburning chamber, a high pressure zone exists due to the interaction of the airstream and the gas stream. However, the pressure in the downstream is fairly uniform and slightly decreases along the axial direction. In the exhaust nozzle, as the velocity increases, the pressure decreases rapidly. Figure 10 gives the combustion efficiency along the flow direction based on temperature and species mass fraction. The combustion efficiency rises gradually along the flow direction due to the temperature increase. The combustion efficiency is slightly higher based on temperature than based on mass fractions at all the positions. However, the combustion efficiency trend along the flow direction is the same. 
Conclusion
A reacting solver using steadly laminar flamelet model based on OpenFOAM is developed and its prediction methodology is validated for an afterburning system of solid ducted rocket. The main conclusions can be summarized as follows:
(1) The main flow features are successfully captured in the afterburner. The contours of temperature, pressure, velocity, and main species mass fractions at different axial positions shows good predictive capability of new solver.
(2) Performance parameters for this afterburner are analyzed. Combustion efficiency based on two distinct methods along the flow direction is in good agreement.
